Catalytic hydrogenation over Pd-based catalysts has emerged as an effective treatment approach for nitrate removal, but its full-scale application for direct treatment of drinking water or ion exchange regenerant brines requires improved selectivity for the end-product dinitrogen (N 2 ) over toxic ammonia species ( 
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iv [5, 6, 7, 8] . Biological denitrification is commonly used for wastewater treatment, but less so for drinking water due to challenges associated with the variability of incoming water quality and operational control, the production of unwanted side products, high turbidity in finished water, and concerns for pathogen exposure [9, 10, 11] [35] .
NO has also been proposed as a key intermediate that determines selectivity for N 2 and NH 4 + as indicated in Scheme 1 [20, 36] ; however, there is no direct experimental evidence to support this in aqueous systems. In gas phase systems, both N 2 and NH 3
were observed as NO reduction products on three-way catalysts [37, 38, 39] . In contrast to NO, N 2 O is a known intermediate that has been measured during NO 3 -reduction [20, 35] . It has been proposed as the direct precursor to N 2 . Conflicting reports concerning the role of NO 2 -and NO on final product selectivity highlight the need for further elucidation of the NO 3 -reduction pathway.
The goals of this work are to elucidate the NO 3 -reduction pathway(s) on a Pd/In bimetallic catalyst supported on γ-Al 2 O 3 that was previously shown to exhibit high activity for NO 3 -reduction and regenerability after sulfide fouling [15, 17, 40, 41] .
Specifically, experiments were conducted to identify the key intermediates that 
Catalyst preparation and characterization
Pd/In catalysts were prepared by incipient wetness using a procedure described previously [41] . The nominal 5 wt% Pd on γ-Al 2 O 3 catalyst was wet sieved to obtain particles <38 μm in diameter. Indium was then immobilized by pore volume 
Reduction experiments
A complete list of batch experiments performed is provided in 
Analytical methods
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CHAPTER 3: RESULTS AND DISCUSSION
Labeled N eliminates background N 2 interference
Results from the unlabeled nitrite reduction experiment (Exp. 1) are shown in Fig.   1(a) . A loss of NO 2 -(aq) was observed, while N 2(g) was detected in the gas phase and and 7.6 L/(min, g Pd) respectively, as reported by Shuai et al [15] . The difference in k obs may be due to differing experimental conditions, e.g. pH, and catalyst loading.
The total moles of nitrogen agree with the initial moles of nitrogen throughout the reaction after eliminating interference from atmospheric 14 , and NO [32, 35, 37] . Sa et al [43] proposed that the formation of gaseous N 2 O is related to the high surface coverage of NO 2 -. The presence of N 2 O (g) in the gas phase during NO 2 -reduction in our work supports this assertion.
Confirmation of N 2 O as an intermediate
Confirmation of NO as an intermediate
Reduction experiments with NO as the initial reactant alone and in the presence of NO 2 -were performed in order to determine if NO affects selectivity. Results are shown in Fig. 3(a) for the case when 15 NO was the only initial reactant (Exp. 7).
15 N-labeled NO was used to maintain a mass balance, enabling correct measurement of N 2 produced from NO. 15 Results are shown in Fig. 3(b) [44, 46] . This leads to N-N bond formation during the catalytic reduction of NO [47] .
The effects of intermediate NO concentrations on selectivity for N 2 over NH 4 + .
The effect of NO concentration on selectivity is apparent in the isotope mixing experiments ( Fig. 3(b) ). With increasing unlabeled NO present in the system with 15 production from N-N coupling becomes more favored over NH 4 + production, leading to an improved selectivity for N 2 .
The effect of NO concentration on selectivity is further explored in Fig. 4(a) , where selectivity for N 2 is explored as a function of initial 15 NO concentration (Exps. 11-15).
Increasing the initial amount of 15 We indirectly evaluate the effects of NO concentration on selectivity by varying the initial 15 N-labeled NO 2 -concentration (Exps. [16] [17] [18] [19] [20] ; results are shown in Fig. 4(b) .
Increasing initial amounts of NO 2 -in the system also increases selectivity for the N 2 .
However, when the initial NO 2 -exceeds 160 μmol (320 μmol/mg Pd), the selectivity shows no further improvement. The plateau value for N 2(g) selectivity occurs at higher initial NO 2 -concentrations than NO concentrations (16.8 μmol/mg Pd). Because of its high reactivity, we proposed that NO ads formed during NO 2 -reduction cannot accumulate to concentrations as high as in exogenous supplied 15 NO reductions. So, higher concentrations of NO 2 -are needed to produce sufficient NO ads for maximum coverage of catalyst active sites. The same trend regarding the effect of initial nitrite concentration on end product selectivity was reported by Chinthaginjala and coworkers (2010) [29] , though no plateau in selectivity was observed due to a lower NO 2 -concentration range examined. Similar results were reported by Katsounaros et al (2008) [48] during studies of electrochemical NO 3 -reduction at a tin electrode.
Hence, it appears that surface saturation of NO ads will also occur for NO 3 -reduction at sufficiently high initial concentrations.
Confirmed nitrate reduction mechanisms
A nitrate/nitrite reduction mechanism (Scheme 1) has been proposed in previous studies [49, 50, 51] . Typically, NO 3 -is hydrogenated by palladium-based bimetallic catalysts, while NO 2 -and further intermediates can be reduced with Pd catalyst. With Therefore, a slightly revised reaction scheme is proposed in Scheme 2. With higher NO ads concentrations on the catalyst surface, the formation of (NO) 2 dimers is favored, and direct reduction of NO ads is disadvantageous due to lack of adjacent H/H 2 . Therefore, a higher selectivity for N 2 can be observed. The same mechanism applies to decreasing N 2 selectivity corresponding to decreasing NO ads 17 concentration. (29, 30) were also monitored but not detected or below the detection limit of 0.1 μmol. Fig. 1(b (29, 30) were also monitored but not detected or below the detection limit of 0.1 μmol. Fig. 2(b 
Scheme 2. Revised nitrate reduction pathways
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